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Introduction 


The state of present available knowledge of nuclear fission 
reactors is not yet sufficiently extensive to permit any detailed 
workable design of an atomic power pliant for aircraft or guided 
missiles. Information on shielding requirements is particularly 
classified; therefore, this peper is concerned especially with 
epplications in uninhabited missiles. 

The alm of this paper is to. review the nuciear fission 
process and ite application in nuclear reactors. At the present 
time, the atomic piie is the most significant of the reactors end, 
therefore, it is covered as extensively 23 possible on the basis of 
a limited knowm theory. Finally, having investigated how pawer is 
produced from the nucleus, application is made to various foresee- 
able types of jet engines. An estimate is made of the characteristics 


of each tyxe. 
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ABSTRACT 


Thies theais undertazes a general investigetion of 
Gommetion in a floving streame 

It ean firet necessary to determine, ii poseivie, 
the aechasiem of burning, t eatabiisn the flow chaereo- 
teristic whieh mast be present ior «a flame to exiete 

Studg of en inverted flame sag mete if opeu aire 
The flame characterietice vere observed by aoens of 
temperature aud pree@ure curveye, schileren photcgrephe 
end awoke plcturege 

Apparatus tae gonstructea to elliow burning in 4 
flewing etreem in & conetanteatca channele infcrma- 
tion gethered in the etudy of tie inverted fiase vee 
applied to comousticn in the constant-aree channele 

Arrangement fes made to preheat the air streen, 
end effects of etream temperature on burning velocity 
were noteds 

This vork ie an atteapt to reenforce soaimséion 
theory with experimental date. Many etud 
Rature @muat be madie Before the mechaniem of combue- 
tion is fully understood. 
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vweloelity of sound, ite per sete (yer) 

epeci fig heat at conetant wslume, Shu pee ie oF Ceze Ne 
epwcifie heat cf constent pressure, Stu per ibe per “ogee Me 
geod Tio POY 20Ge PEF ele 

aeoh mwestex (—} 

avaclute gietic preneure, Lie DOT Bie Life 

abasiute totai YSeasure, ihe PSE Ge ite 

eae Gonetent, 5ie3 Tor e2if 

stetie tempersture, Gege “e 

total Semperature, adége Re 

Veiovity, ft. per sete 

ites, 16. per sete 

Llo@, Cie Lte PHF 2EGe 

aGietance, itie 

Gistance, ite 

mse dengity, siuge per te ite 

Miabetic gas constant, 1.395 for eit at 540 cege ta bag) 
sdiabatiec gae constant, 1635 ier ait a8 L96U Gege Mo 
Giatence, ie 
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La Peo.2Ccrigk 


Sem@imetion in a fleeing stream is an extresely com 
plicated cheuiesl ami mechnaaiosl proeesse There are 8G 
meny variables, and their effects are eo civerse, thet a 
eouplete aszlytieni sclution bee a iar eecanel tie ef- 
fctts of the many agen vorking in thia ficide 


The punsean Flame 
musmmibai eerk in the cosbustien 





#ost of the 
field bas best dene vith the Bunsen fliave. "Lith thie 
flame it te poesible to igointe and evalsate soue of 
the Watiablese Others, such as the eifect of turbulence 
@#ne the weehanies of Bixzing, met i oetsereiaes in other 
Wayse The prineigine cf the Sungen flese are fundawes = 
tal, however, ond suct be considered oy omy corker ia 
the oumustion flelie 
Batinition of termge Hefore proceeiing "ith a digwuse 
@ion of the Mmsen flane, it ie necessary te define and 
Biescuse the terms sick sili se aged.” 

Figme ~ gas rendered iusinocs by Keating, vr vy 
the liberation of chemieul #ameryye 

Sileme front - Goumaury suriove deteews tie Llusi- 
nouw region svi the dark region of unverned gate 

Reaction gone - rOion “bate eeesyvencous imsrned 
ohare le treusforsed inte commmwtion -radaadte le cnewi~ 

Meatiel velocity - velocity sith “iieh the fleme 








+ 





{rent m-vee in a direction nermal te tis mirrace, 
relative to a Fise® syint ia the ekplecien veeesl ar 
ezit port (suet equal sere for a Stistionary flume) « 
a Velocity ~ velocity 


at which the fleme front sivanetes tate sod treneficree 





the undvrnec charge in @ Gifectios aoreal to ite more 
face. 


Mixture velecity « velocity Sith Shich wisture 
approaches flame Frunte 
Uae weloeity - veincity witz fhieh the ilawe is 





traneoortes isdily it ao virettian norwmi tue ite gure 
feee ae a reguit of the movement af the ase iate whieh 
it ie edvaveings (lor a stationary fiewe the quan vee 
leeity ic the goepenent of miztura velocity worse] te 
the flame front, and ie equal to the surning, veievlty 
in s eheble LPoate 

The eotenias of Geruinge for um iitesni cone, the gas 
@ixtutre omerges from a Gurner tuive Woowe S211 of fares 
RO recietance to ges Flo® sané neltwer eiearus mor Cute 


Gacte heat. if the eisture velocity ia wrestor then 
the burning velovity, the sleme front Fill tere tie 


fire of a cone, the angle of hich is such thet the 
oGnpenent of siature veloeity reofmal te the eone mre 
face #111 at a1] titms be equal to the ouraing velo~ 
city. If the saxture velocity im itereaced, the 
height of the cone ill aieo inereass, wisdi « point 
ie reeched Yhere the ample ef the wall ef the cae 
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itn the atremsw direttion nears zeto, st *hich point 
commeaticon is no longer possibie saa the fiame blows 
ofie Ir the Mixture velocity iv aecreased, the cone 
®ill #orten getil tee finmwe Yount becomes 2 clene 
eurface, ami viii move Gomi the tube ag guche Sfhiis 
Will coour shen the burning Velocity ezeesie the mi 2 
ture velocity, and ia ealled a fiashiaci. 

From thie hygethetisal finesse it sevice wel em easy 
matter to exicuinte Sorsing velogity by seteuring the 
mixture velocity and the cone amlite Tre achusl tlome, 
even 1th imeiaear Flov, ie mot Quite tuie ciwpice 
Piréi, fhe velocity profile of the wixtowe 13 ust unig 
form, tit i6¢ infiwenee:d by friction in ths tuwe. f{t 
Valies asceurting to 

Viv ¥2-S) 
for ieminar flose The Gurning velocity ia influenced 
aleo by the wall at the tuve exif. Lewie and tun Kipe® 


explain the seenemiawm in tune foliesing tay, "A ourner 








flame reming stationary above the orifice veenuse 
tiere exe regions, eiiier sear the rie of near an oleae 
gtruction in the stream like tne grid of a Neker lwrner, 
Shere the eiature velocity eeuale the turhing velucitye 
These regions serve ae vontimeusg scurcee of ignition 

_ fer the netgnivring gaw elemente Shose velocity eaceads 
the varning velocity. Ag tae Teaciion gove propagates 
from theese tegiones of equality, it sagewees a ongle 
the Cirection of mixture £108 go that everyehere tie 
moral component (the eas velocity) of the minature 
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Velecity emiaie the vurning velocitye. 

The Burning velocity is infiuenuca by the tuse 
@alle fhe wail reguces tre OufRiag velocity by its 
Guenohiag efiest on the explosive Freactisne Puig 
Gueucbiag effect ia the freault of the sesbruction of 
the chaiu carriers ian tae reaction, the Sail cetinug 
26 a third cody. {ff tue fall ia eoui, susther efi ect 
ie aided. The clmim carfie® reecticna Tecuire mie 
ateutiel eetivabiaon energies, ac if an enersy inas 
is cpueed by the eool wall, the frenction, pence the 
Ouriing velocity, will be elewed. As tie Salli ie 
heated by the flame, this effect ia legeenede” 

Age atebed afove, friction in the tute emnaezs 
tne wixture velocity to: aprroacn gere at the Faille 


THere ie usually seme point, tuererora, erere the 





wixture velscity equals fie warning Velocliy aw) a 
Soint of equiliurium ia establisnes. if the mixture 
vVelogity exuesie tae wurniag velocity st oii points, 
the flame @ils Slow off; if the tuxaiug velocity exe 
ceecde the aixture veivreréy at all Soints, the flane 
Will flash bvacke 

Ani invertec flame 1g obtained Sy sounting «2 cen 
ter rod in tne tubee A region of lew veivoeity is 
entavliehed in the wake of the rede in this regiva 
& sone of equ@lity of turning and @1xture velovities 
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is forme at Flee velocities which scuic eicaes the 
ePritiesl for tHiesef?f if the obatruction sere not ore 
eente fhies flame takes the fore of an inverted cone, 
#ith the apex in the vicinity ef the center rode [fie 
gure 3 is an exeapie of sn inverted flame. uerching 
amd eooling effeete af the roc on the sommction reae 
ticu tend to sold the fleme sIff the rod. As the Fou 
is neated the fiaee tir aovee closer, end if the rod 
hewomes extremely hot the Flame sili attach iteeif and 
tend to scove upstream alongs the rode ihe inverted 
fleme is very handy for uee in ezpefieental wora, ia 
that the flame front ie mot cdecured sy the reat of 
the flere zonee 

A device waloh aida in esteviienion a flow mone 
of equai @ixture snd burning Veiecities is » flame 
bolder. If seat commercial applioeticne of eaamse 
ign to s flotiag streau, a fiawe holder is secerenry 
Go allo*® the erxbusticn to tete clace at high floe 
veiocities. 
Borphag yelocitye the garming veiccity ia of extrese 
igportunce in underatandssa the CagDaction reactions 
it is therefore seceasery to examine ite greperties 
and vehaviore 

Gwith- concluded that fur laminar flow, ii the 
Other weriables sre held sonetant, tae ourning velo= 
@ity is a property of the fuele ie menmutred, fer 





inebence, the Surning Velocity of prepane in wit, *Lth 
elightiy excesa fuel, sand found it ta ba 1.65 ftefsece 
He fmund that the mirming velocity varied with the 
fueleair ratios Joet’ deternined that the burning ve- 
locity ie relatively unaffected by externai efiects of 
prevsure and temperatures be rerers to Bork by URchae 2 
@hich showe@ Shat 1% is Aesengary to prehent the cir 
ture frea 26° ce to 430° Co to double the wurring we- 
sG@itye Juwt alge conciudes brat the burning weloceity 
de independent of the velocity of the aiaturee. If tine 
inereasée of mixture velocity insucese turiulenece, herever, 
tee butning velocity appestse “co ineressee The mirning 
Velocity preoabiy renmine Gonstant, Bub th effective 
@urfeece of action is intrenged, Bhieh has the efieat ef 
damerensing the turning veiovitye Thie tae ceterwined 

by Ubslicude aud Yoelliser.® 

Lis 


sed, ca@uustion takes oiace lu 2 Retrot sone etperaeting 


lemction Zenee Hen aa Szjplosive ijzture ig ignite 





tarned and unnuraed wese Thic 2ene praepusuicsa iteclz 
iate the urourned gree at the rate at Bhich commiseticn 
feactione are im™ced in wucvensive «.6 Iisyere. fhig 
ie the burning veloovity. Ths resctione are induced oy 
beat trenefer (eas@ntialiy ocmducticn) «nd diffusion 
of active agpeciere 

in a laminer Ilowe tle Tesction sone in very nar 
fot, being on the wrter of of wee* im 2 tureulert 





flame the some ia vider and uf @ more Gorplicnted atruce 
ture, in thet sane unwmiroed gat ia able Ss page throup:. 
if without bein, acted uson cuificienatiy by conduction 
ami diffusicn to enter inte the reactione inis unoarned 
gee ugually forme a beckfiow or addy, eventually entering 
inate the reaction in the tegicn of the ipgwiticn, .elnt. 
{his aids im the euintemance of 2 athawle flaw: if ture 
Sulent flote 

Tee rebtes of Contuetica arms Ciffuelicn <étef¥eiag the 
burning Velucitye The Cemduction procees muiset Fuise the 


@iature to toe igmbtion teaperatutee PThic ia the reason 


that prehenting ie of wome 2id in ineYerging the burning 
velucitye 


la preeing, Several rsferences aave bean 





emis to efletts of tertmiest flow on tie fiamwee leery 
little iaforwetics ie sveidable ii: the litsratume an 
thie suoject. *o#t references ate o@Fely to the ef- 
feet thet certain fumlawentals eetaelig:ied in Lueinear 
ElGW do not cewe to Hele fer Wrbuient fiat. Une of 
the @iee Of tnie puper is to inverti,ete the Flaws in 
CatWalent flow aud % atisept to drow coselasions es 
to ho® oractiemi it is te apply tie tuauneenteis of 
laminer flot flamee te the turouleit fleece. 

Somm poiiits cenveriing the Guriealent Siaee Lave 
been trought out in the literature, husever. Jost 








and others have supyestea the passaye of unburned gager 
through the flave frows ami a resuitant bac, eday late 
the region of ignitione As mentioned before, turoulence 
hee tre effect af inc®reaszing the net burning Velocity 
Tfur@ulence elieo aide in sstabliehing an igmition point 


Oy sloving the flow af the unmitnes mi zturte 


vostnieticon in a Pubve 

iseni flome. ian a tube, tie ideal fiese (iasinar flow, 
GD Wail effecte} woulé form a plane sutfece eersoee the 
tube ai sould femain stadtle at ome point in the tebe 
if the mixture velocity exactly equailed the Surking 
welécity. if the sixture velocity was inersaged of 
Gecreasel, the flaee froat would wove we er com the 
tube. AGtuslly, of caurtac, the eituatiun ig wite 
G2ifferent. The geese f6r lamivart fiew vill be sunate 
Gered firate 

It would apsear lugiesi te get ur the flow calle 
Gitivgns ia the tute and evaiaate the Gombigticn mecke 
a@ies from the GVuralex telouity sud the flow condi tione 
ef the wnburned siature. iUsfortunateiy, the probies 
has not deck trented in tsia wanmet in the literature. 
in oréer to make wge of othem work ip the fieia® 608 
prebles 0111 Ge etated in tie reverse form; ie @e, a 
plausible ferm of buriing surface ii] we agsawed ond 
an attempt gate to gain an insight into the flor cone 
Gi tivhiBe 





A nee term aust sow be sdtdec te the list of defi- 
nitions: the fleme velegity ia defined as the velocity 
with which the entire fiame front is moving inta the 
unburned mixture peraliel te the tube wali. For a 
fiame etaticuary in the tube, flame velocity £111 equal 
the average mixture volocitye 

The moet Tfeescnable flame front ehape to aaesume ig 
@ peraboloid. Since the paraboloid surfece ie 1.86 
times that of the tube erees seotion, the Tlame veiocity 
mact be 1.46 tixes the turning velocity. At the tube 
center, vhers the fiame front ig avrual to the tude 
aiia, the velocity of combucticn muict be equal to the 
burning velcoity; therefore, am ecded forwerd flor, 
OefS tiwes the burning velecity, is requited tu obtaia 
the flame velocity 1-26 tises the Burning veloci tye 
Progressing toward the vall, this factcr becomes saale 
ler until the point is rescied avere the flame velocity 
equaig 1.66 tines the burning velocity. From thie 
point outtard to the wall, the burning velocity ie 
@teater than the effective flawe velocity aud an sddie 
tional flo® mact be eatablisie’ in the cther directicne 
voviously, these additional flovae must come fros 
ehangea in the flow of uawvurnec gaee Lt is observed 
that the unburned mixture decelerstess in tre center of 
the tube and aceeleratesn near ths wall to satisfy 
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thene oonditionge” Sxperimental remilis save shoe the 
flame velocity to tbe «et iwast double the Warring velo~ 
city, “hich comperes fevorably site the assuewed valine 
of e860" 


ling gifeste sdding the ecovling efiect of the wall, 








Shieh would reqult in a Lane ringy of the Owing, Télooity 
near the tute, the form oi the flase wmriace toward the 
Fim would be quite different {Fam the eesumed paraloe 
loid. Ag the mirning velocity aporoesches zero, fiuiek 
it does in an actual burner, the practieni result is 
that s certain finite inyer of the eixtare is act 
reached ty the fimese front st aii.s This ges Fill pags 
the fieme ircnt and renct agong the Wurning gases be 
hing tre filmme front. Mut se the tube onl] ie heated 
by a etable flaws, the cooling efiest ie diminished, 
eng as the temperature of the wail vreeshee the igni- 
tion point, « region of ignitieom ie formed thich 

tende to anchor the rlenee 

¥Yelgeity Proafilee “hen the velecity prefile of the 
unburned gas ie added to the above cuae, it becomee 
Quite complicated. The fiame zherne tence to fletien 
out, if mot reveree, ami the aceeleretions ani deceli~ 
erationg in the unturned sizture change cengidersblye 
tt wes noted experimentally, savever, (to be disevesed 
in a later chepter), that the finwe formed in a cipe, 
with a center tube mounted coaxially very clovely re 
sesbles the inverted flane, to #biech the above prime 
ciples will applye 
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Se -_ ) '* Ss Om 

Thie eometiog a@hes it suesitie ty Sem ich the Fimel 
Sece munuer ba) thet rewulte eben flea at oonetant 
SPee wo initiai Wach nucher iv,3 La kentea tarwek 
& totel Ceemperature rati-c (Fae TLOhGut Friction, 

"quetion 1 is pisttad in ities Ge Tlerlierticnug 
free figure 6 ate twat Neating subseoustic fiow wh il 
imePenee the Such pamber, ami that Shetify, papetecscue 
white fls® #iil decreawe the Sueb member. LE is worthy 
Of Hote thet - suteceustic flue caneni WEES Cu per 
Pemuetic ty the adWition of haat, mit ef Ll Bionys 
ETOCS CE tha mount ies jimiiatiy, ite mnernenuetie 
lee omit oseome MSOMERMCIG, Mt PLL Souin oomtune?. 
the *eouetic wtets. The vontirem tie ehenility of 
SER euuuntic state, MLE Sau oe OL edictes ae it ic 
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QBN IFTION OF Sali lPaeakt 


Two sets of eQuipment ware uged for theae e&perie 
ments: a conetantbearea burner and an invert ed—flaue 
apparatus. 


gtantesron burnexye fOr the eoaatant-atea Wirning 





work the agparatus pictured in figwree 1 ami 2 tas 
wsece A adel 215 schrama gliagie~-atage, wotercriven, 
direct~conmeeted compreseur eerVed ac the aif eepply, 
delivering 2 #eximam of 175 cubic feet per mimate of 
aly a6 SO pounde per squere inch, Kase, preanure. 
Ai¥ wan delivered by a cre-ineh linc, in hich a zgate~ 
type control valve wae lccatede fhhis gate veive waa 
bypaseed by & Guerter-ineh line containing & needle 
valve for fine atijustment aif aif Tiave 

Ai® entered the eQuipment through the pre-~heat 
butneze This burner bed teen constructed in ibe 
reseerch lstoratary of the cene®al sleetrio company 
for werk vitn liquid fuciece A now fuel nezele ena 
eenetructed go the warne? could ce used #1lth prow 
pane gee fuele Theoretically, this vurner wiil 
deliver exhaust products at 100° Fe, with enough 
ezceae air to sllov complete cowsustiion in the 
oonatant—aren Garner downstrenme Luring this work, 
hovever, the fuel nogzie Sage never in propeT edjuste 
ment, ani 500° Fe wae the best teaperature snich 
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could be outained with enough elf end oxygen in the 
@exhenst croGucte for burning dometresam Thies temperee 
ture enc air flisy were atiequate, Bowrever, for the teets 
BAECs 

The burner vag Constructed eo that ait entered the 
Combustion tegion through boles in the burns Liner. 
The fuel wae delivered radially ot the nose of the 
burner liner, then in p¥roper cperetica, the flane 
frent stecd about half-way Gown the linere Ienition 
ees furnished by a apark eclug vet in the turner #all 
at the dovnetceam end of the iinere Gurrent for the 
epark vas obtained from a Yariae adjustable trenefore 
mer, type 100¢6 

Air left the pre-peat purner through e slf-ineh 
@ection, then expended into a wenguring chamber of 
two-inch diametere In this chamber the aif eloved to 
@ very lot velocity. Tesperaturté wan seaaeured at 
this peint by seens of an unsiieldecé Chrowel-alumel 
thermecougic (diameter: one-tenth inch) ineerteé in 

. the stream. Freesure, totei enc etutie, vas aleo 

meagured, with an impact tube and #21] teose 

Leaving the peaeuring section, the alr wag ace 
esleruted through a nozzle latc a one-inch pipe 
seotion. fhree static well taps vere lacated in théie 
gection, et the aczzle throat, and at two-inch inter- 
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etream enGe 

Thie one~ineh pipe sacticn ected ag a constent= 
avea butnere Fuci was delivered to 2 polat beteeen 
tae firet teo preasure tats by a center tube ehich 
Was held at the upstreas end Gy a braccet in the 
meawuTing chamber. The center tube wae etandard 
guarter-inch stesl tubing. Mel entered the air 
stream from the center tube througn eight racial 
holes of seQ%inch diameter. The urstream end of 
the tube was biceked coffe 

lenition in the constanut-area burner eas cb 
tained Sy a emall sperk plug @ounted in the burner 
Poll. Yhis plwg is of the type used in model air 
plane euginese Current for aperk wae furnished by 
traneicrmere 

commercial tettied prosane gas eue used ag 
fuel. mon tank costained B52 oubie feet of gaa, 

a net eaignt of LOU pountic. icwer heating value 
was 16,70) BftUe0e per pound. atic of speeific heate 
Se 1.153 at room teaperature. 

The fuel system consisted of a tank of propane 
gae “ith a standard acetyleme~type reducing fitting 
Mounted at the exit valve. wwarter-inch copeer tue 
bing carried the fuel to a tes fitting located near 
the burners. f¥o needle talvas were sounted after 
the tee to control fuel flew te tas two burners. 
Ywel wen Gelivered from the control valvea ta the 








burnere by Sopper tubinge Proper acjustment of the 
maeter coatral vaive at the tank sad the needle vaives 
would reeuit in a steady feel pressures to e¢itier oF 
veth Durnefae At loe fue preaszures, Bovever, tha 
System Fae samewhat pregsurenmenei tives 

Fuel flow wes determined ty eaiilsratiag the sye~ 
tem againet lime preesuree Pounce per second of fuel 
delivered against a fixed precsure are plotted versus 
line preesure (figure 5}. 

Ait pressure meaguTemonte tere seae By Fale? sen 
wetere and inclined—-draft gagee AIF tice wes commuted 
acrase the tvo-ineh to one-ineh aren reduction. 
averted fiame eguinmente The eGuipwent ueed in studies 


ef the inverted flese tag conatructed ity Lie Gomdre vo Fo 





Field drs, iG, for his wk on flame beldereae The eppe- 
Tatus is pictured in figure 4. 

Aiv oupgly wae furnished ey a cantrifugal lover 
fates at 175 cubic feet per stinetee ‘he cfigineal mter 
had been replaced, hovever, #6 that the aeftual cutout 
Ban coneiderubly below that figuree Air was deliversad 
at e constant preawure of 26 inches of tater, gagte 

Air metering tea nesomy-liched with a flat orifice 
plete constructed and installed ecserding to speci fi- 
eatione of the American Jociety af *echanieesi cngi- 
neetac! The orifice was installed in a three-ineh 
brase pipe. Orifice diameter tus 12531 ineheas. 
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Pressure tape vere installed one~haiy ineb on either side 
of the orifiee platee Lifierential pressure aecroase the 
erifice vas measured 2ith an inclined sanometer anich 
@ould be read to a nundredtm of an inch of eater. eight 
Flow’ weneurewents ehould be eeceurate vithin three per 
cent e 

Wixtuwre fles was eoatroled by a three-inch gaic 
valve {netelied teenly-five inches dornstream from the 
metering orifice end nine inches Goenatrean from the 
pint of fuel injectiome Thie vaive allowed control of 
Zlev witida less than 6.00 insehes of water on the dif- 
ferential pamometer. fhe locetion of this vaive alse 
@ided in mixing the air ent ivele 

The fuel eystem vee similer to thet used on the 
cofieteant—-area Ournere Commercial bottled propane gee 
Sas used, sith the tank fitted eitn the stendard ace- 
Sylene-type reducing valvee suatter-ineh corper tubing 
earried the fuel ta a needle eontirol valve mounted on 
the agperetuse The fuel was injected into the air 
stream by & curved tube sointing upstream. 

After leaving the control valve, the mixture of 
air erd fuel pasued through « three-tc~one reducing 
fitting and entered a section of onae~inoh pipee The 
one-inch pipe section was three feet longe Ineide the 
pipe a quarter-ineh eteel rod wage sounted coaxially, 
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and held in place by tro sete of three set-acreve, lee 
Gated one foot and two feet frou the downstream end of 
the one-inch pipee A Tod “ith « roumied ond was used 
ior most of the ezperiaents, Dut for egeveral a fiate 
ended rod Fee subsiltutede The fod protruded about 
one-half inen from the end of the one-lnuck pipes 
temperature snd oFegeure measurementge A sliding rack 
Gevies to *hich gag atiached a Chromelealunel thermo 
eouple as ueed for « tewpersture survey of the fiamees 
Ttve scales were attechred to the rack; the KE evele, 
Which Sae calibrated to one-giztesnte oF an ineh, ¥28 
uaca to weneure the Gigtance in the line of fior down 
gtreas from the end of the rod; the ¥ seale, #hich waa 
enlibrated ts thovusandthe of Teet, Bas used to seaaure 
G@istances from the rod aorwal to the line of Flore 
Temperature in sillivelts Bas read on 2 standard grl- 
venometer menufactured by the Generel Sleetrisc Comoanye 
& preagure guTvey fee sande by Fepiacing the thermo-= 
Couple vith an ispact tube of one-tenth ineh diasater. 
fotal preesares tere read on an inclined manomster, 
which gave accurste readinga to one-huadredts of an 
inen water, gagé@e 
Sacke photogrephye Gacke pictures of the inverted 
flase vere taken with a 2¢ by 3¢ Graphlex gamera eguip- 
pee with ae Kedak esastiguat f 405 lense Shutter speed 
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ef one-tenth seeond and ieme aperture of £ 4.5 were used 
with ¥odnk fri-K sanchromatic file, film speed Sestom 2006 
illumination was by ome Jeneral fiectric Photeficed Boe 2 
placed three feet from the fisme. it, Comdr. Field eol- 
laverated tn obtaining theae pictures. 


Behiieren paotesrgphye ihe cehlieren atusies of tha 





inverted fiame were wade by Unapte. Aueeell Herrinytoa, 
Ge &. Army Air Forcese [liveinetion eas by euerk, exe 


posure time ons-thirty-thousandth of « geconde 
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THO GAP ALS aT 


The experiment cividea iteeif roughly inte tse 
parte: inaveatigatiscns of the invertec fleme burning 
in the open air te determine the general propertics 
of se turtslent flame, and etucies of the Tiame eau 


fined ia & constant-atea Guess 


Ire Inverts Flag. A tawperature survey cf the ite 
werted flaxe Sen eace to cebermine tre lewstisn af 


hest cunceatfrativn ang position ui the reseticn: tunes 
Memulte of thie gurvey are Sree in fisure Be Ave¥age 
M@azture veleoity wan 24.5 feet per second, and the 
mintere « little on She Fish side ef tie etolehiamet~ 
rie point. fhe prseerve of the teermeoscuplie tended to 
disturb the flame, bul wy useing care in bbe bene Ling 
of the apparetue this effect vac Giuiciced. in cen 
eral, the teaulte can Q¢ cleesifiat ag Fough. ome 
temperature senguriny, device me ae the sodiue line 
Peversel wethod would yield web sore seuorate Free 
Palte. “ensonenly eeumwl quantitative conciuricne «an, 
bevever, be dreen froe figutTe Ge 

The preeaeure survey Sas aude in an eiteept to 
deterwine the total preemire clenges taki Pleew in 
the neigkberkeod of the reaction tune. The str ens 
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gas £irst mirveyed Frith aa impact tube, tithout the 
fiewe. fhe invbare are pictted as iuii singe ia fie 
gere 9. The Slane sae ten lighted, keeping the miz= 
ture tveliceity tre ene, anc a sutvey fer sede of the 
flewe. freee results rere very inaonciusive. fhe 
readings obteinea seattered einen pletie@. this imdli- 
eatei that experisenteal errarg had ovéershedosei the 
email ¢ifiereaness in preseure #hich must be mesneuT ed 
in erde?t ta craw the cropper eoneiugiomé@e Tough 
polatea, however, ebres®ad consistent ts riot taree 
igotere, oae in trent of tae fiame frent and treo 
benine it. There ieactere are plottea in figure 9 as 
broken linecee The position of the finwe front was 
d@etereineai by Seservation and ia pictied in figure ¢ 
ea a Goubie uruken iinee 

to pliotesPapie of the invested flame were tason 
BiLtH emoke added externally st tue exit of the pine. 
Figure 3 shown tie flame Gurning Wils tne sirean velo~ 
elty siout ~ feet per ssewnde figure KM is a flere 
SurBing “ith the stream velocity about £5 feet ver 
eeocsna. The lusinmeus Tieme irest ia cieariy outline. 
Tie amoke pattern defiaee tae outer ec. of Use e.ature 
etree. figure 1i is a plat of the flame sad etrwee 
limites The flame of fimwre hi is repres@mitetive of 
the fines used in the temocts ture wel preeenre eurveyae 
senlieres phetegrapha (figures ie anu 15) were 
Zines ifteees 1% sven. aheisix Mec list of tie Siam 
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frant and tae limit ef the mixture stfenm. Verintiona 
in the flame front, waieh ¢o mot agpear in tne smoke 
Picture, are Visibiee fhe lot tvelceity senlierm nhe- 
togtapk (figure iz) alse deflmues the flame front ead 
fixture Boundearye Im aGcition, some iugication of 
flew conditions st the ond of the rod is givene fhe 
Gebhlierea protceracn (figure 143 of the mixture etree 
Without the Flame immiestes the extest of miziag and 
Giifucion with the outside aize 

YhotogrTanie cf the Tlawe were taceu on insva-f eu 
fila. *isture velocity wae @> feet per seconde 4 Fae 
filter was used tea exeluie ail sight sxeept froew the 
Ped emi of the goecttua. Chic photesgranh is frown ix 
figere 15- It was taken to see bose mech, if any, vf 
the reaction sane lies shead of the visitie flewe froate 
The Congtaat-aree Gurpere \xpeYisente were congue 
the constanut-ares ourner 1} preheating the sir, 2) 
®ithout ore-henting the gir, amc 3) injecting the uel 
through the pre-heat burner cut burning only io the 
Congtetit-ared Wirne>xre 

Pricary ourpeswe of the eapetriceata tad to datermine 
the rise in Oath masher reeuitin roe cunetant-eres 
burninge erly re*tulia indicatadi, notever, tout » stevie 
fleee eou)4 ast be weinteinet im tie coustant-sree Bune 
at entering Seeb nusveres ahve o5>e Wiled ame erocekne, 
therefore, Sere varied andi re@uitsa vere Checked agaiaat 


bed ah 
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Por s beet with pre-heated aif, she oreehsat burner 
was lighted off end air fine eet st & preieterrinet value 
of tetal praeseuree. Yremperstere (Xo) eon then ef justed 
to the desired Teading by varying the fuel flow. Sine? 
atijustwente of air and fuel were wage to insure emouta 
tarninge Yhe congtanterren Girner tas then Lighted off 
ama stable flame obtained by adjustment af the inel 
eupply. *eGerreary readings Sere mude. air flet tag 
teen inckeansad or cacreaaed aad the egeten DRrisneed 
agein wy adjusteent of the ten fuvi systeme. fiseme 
etabiiity aii sxecth burning were the suides user in 
the getting of the fueleni? fatioge UCalcoulatione proved 
that emoath turning eoocurred in every esses somethat on 
tie rick aide ef the theareticsi stolivhiometria mixture. 

sor the nenerre-heating testa the mnethad aee eiGie 
ler, but simplified wy the elimination of the ore“heat 
burner e 

ivom tie readinee teaen in ticse tests, velude ef 
*; are *s, were Calowiated as elo in tavlea iV end Ve 
4& theefeticel ic, ae then ealeulated from figure fo Re 
Vafertunately, tee sueceasful funs were at such a low 
flew that seserecy of tie preasure Feedinge is vee 
tionable. 

in the mixing ai nurier Lory tents the ceuter 
Wurner. Fuel seg injected through the pre-heat wmwner, 
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ber and turned at the agmal point in the cons tanteax en 
bernere Totel vreseure freudings *e¥re taten at pointe 
Lau 5, *itsi the Burney oh ef Bite the werner off, 
in orcer to deterwine frietian anc barner preseure 
leseee.e. The frietion lees wae subtracted fren the toe 
tal ioss t& detersine Garner issee {Lee tabie ¥i.} 
Ome ran eas mide joet celes Gles-cff ann one just above 
fiashtack a6 tuat the effect of srewixing fuel ana eit 
@wuia be ceteruined by Gverering these figates vith 
thoee for the teste wuare presixing fas nut usetie 

The Glawse var Gbaerved UnFlug $e concbentearen 
Gurnexy Fung in a mirtor mounted oif tae emi af tee 
burner. This heiped in dete®aining the icvation sa 
Shape ef the flaee front, am) cbheervativons of flawe 
@@loF gave seve tuitiecativu of certain sheeigal cher. 
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ihe reuvtiwn gone in the turuulent flawe ie a warPros 
reuion, bordering the flame front, saere tue aajer portion 
oi the tewperature rise ami chezical Feaciicu wecurse Tre 
heaperature survey (figure 5) ahows bkie gone tec ve legs 
thee: @ teath of on ineh ecrose. hie is sider than the 
Levie aml You nite” Ligure of Ged mms Tor tke iothinas 
Siame, mit is of tue oeae oFGET Gk maz Riteudee. Fartuer 
Go0i: the fleee, sherea the fiowe ffent UfankEL up veeauae 
af inecPec5est turwaleuce, the reaction tone ie ob 2zeli- 
defineda ami reactich tesee cinace in turbulent batis ifie 
gure 12). 

A dep in tetal pressure seours vsetors the reactiun 
geome. The preesure survey (figure 9} eles 4 change frua 
Uel® inechee wetter, unge, to Ueuy inehee Beisr, gagte -& 
@ouperabie run in the gonstant~area werner irua 3, table 
Wi) givee a change f¥om Gel} imohese 2f Sater, gage, tu 
Gell ingbes of water, gage. It seeoe apperent, therefore, 
that urner pressure loeose afe the feault of tre total 
Pres@ure icse Sercse She finme fPronte 

The fleee itent ia irregulete Wbhlieren plotop,ragks 
(figures 12 and 13; show turvulence. Guitvatlure of the 
flees front can be seun in tne sacks and sehlieren gotc~ 
Sraplise Thete ie an interrelatiea bettreen thie cirvature, 
turbulouce, turning velocity and Biature velocliye ftutpue 
Lenee increases in tha downatreme direction (figures 12 
and 13); tuerefore, the vurning velocity incresawe. 
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ce the borning velocity inerenses, tue @Frviture incresectes 
wn the other haw, the eixture veiocity is decreaging (Lie 
gure 11) in tue Goenctream cdirestione This elsc fremita 

in en ieureese in Gurvaturee fhe Curvature inerésaces uatil 
the amglhe of the ileme frest to tLe etreac uirsetion vee 
Geties ao large that the Flew frout tresku up inte unstacle, 
tutiulent balle (figure le), within seicn the Prermaining 
YeeGtion takes piace. 

The whotexzrapksa abot that the flame ases mt etinere 
to the emi ci tee rod, wt fotmme eliabtiy off tue emir 
This is eeouuse of the Guesehing ard ceoling efiect of 
the roc. The temperature qurvey (Ligure &}) imiiestes a 
eos! tegien (15K Fe} im tte Flame at its tip, just off 
Gime end of tie rod. Thie shees tbnet bie taoperaguure 
Fesehed in the vresvtion mene iy iui lees 8y cued 
@M4i cooling. Mit s8 the Frou heaty up the Ylene muvee 
lower, wittis evyantually the flues elheree to me rude 
AS the red is progressively neateu the £lasie tense to 
Move upgifear ehuitg the Tote “Len tue Pine etierew to 
the red the criticrl siasture velweity for bliewwif ive 
GPensec, indicating that the burning velocity ia fae 
ignition region nae lee, increagede 

The ignition zene forme at a puint «nere te wize 
ture velocity and the ovrniag, velocity are eyval. This 
Bone locetee iteeli in the rale of the rod, beeceune taat 
ie a region of loe wixture velocity. Heating of tha rod 
decreases the cooling and quenching <ffecin, therevy in- 
ereosing the onrning velocity. 
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In the congtent<-areca burns? tee tewition gome ei hi 
fom Orbing the glightect obstruction in the etrsan {fe 
Piece of pienn wire erapped arauns the e*nter tube, of 
the epark phag site), or at a hob spet on the tube wali. 
if ail ebstructiang afte Fremowed, aac the sall is mot eb, 
the flame becomes unstable. Siom-cvt ana flashback puinte 
are very close together; in faxet, the fiame 81112 go elther 
way With the eats flowe At 2a Sou we 2 hos epas on the 
Sell develsps the inaitien zene ©1211 anchor to its; then 
the flow can ce @oubled tithout bles-onb oceurringe 

The inffe-red shoteg raph eorntsine no edditianeai ine 
formatione Apparentiy ail of the fenetion is imiicated 
0G the smoke and aehlieren photegrapige 

The eopetent-ates burner tests Tesuited in a tice 
im Sech number serosa the fleme zonee "Fm tablea 1¥ 
ema ¥ it oan oe seen thet tas eetuei rise in “eck members 
Sae eowerhet leeg than the thenreticn2 4uHEF SaRe Cawput ed 





from figure cea. Tas extremely ine Tliows ab enieh eee 
ewefal rune o14 be ange mare Loe (~ eeeure readings 
weepeet. The wail tane hed wt often de€ignued to hanule 
seek lat prengeruc, wh 1% is felt thet tas difference 
beteeen xetual and tnecreticnl deeh namver afher Gurelag, 
is Pell witnin sx-erisestal errer. 

fhe extremely lee fiang at whieh Dlewsut ococurred 
Pete cinappoiating. A citeek With theory, hovever, shree 
thet they ere te ve expected. Azout ten fest per seuomi 
S05 the seztom Mizture velocity at Shieh tne fleme coula 
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se hela in the tube *1%n ao cbstructicans of not srotse 
from theory the flame veleeity cam Ge Prenictsd to be in 
thie fangee A emeil abatrucbien #121 alist a doubling of 
the wmizture welovcity.e 

vpme GiXing Jengtn ia neceguary. Fuel injection exe 
t@o inches axl eperk ignition oné inch upstrees from point 
kk, wut the pressure drop aleaye occurred between point 4 
ana point Se The critical #ixture velovity fer tlossuat 
wae increased gewewhat Dy teersugi! izing woetream, bud 
not gigiilieantiye inie ingioetes that edecuate mizing 
Gaui pa evoomlieses in a turoeient ftireae in « goaort 
Gigtancee 

There ia jeiieation that some of tne arzture passes 
through tke reection zune without freneting.e This um 
wermned mixture ferms a GowiterefCLigt Within tus fliane 
zone toward the ignition wzcm@ee Tris ecunter-iiow ean 
be seen in the evi:lieren srotograpa, figure ic. 6 Fae 
ales spparent vigualiye 

Gontvary to agsueption, dlow-oul occurred at a lower 
apptoavh bach pusver using ¢Te~heated aif than eitheut 
pre-hieatinge iurivig tae pre-fneated runs the meee iniie 
cated the pogeibility of tueomplete comtegtione. -vicent~ 
ly there fae not smough air and styyen in the products of 
the pre~hbeat bvarner to alico® cuaplete eommistion Gornpe 
stream. in fact, if the temperature of the pre-nest 
wurnet fas doubled, eurtustiean eoula not we melintained 
downealtream at ail. 
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it can bo comeluded tuet chile turbulence plays a 
@eréied pert in the meehanies of combustion, tut thesriss 
whieh ere avallasle in the literature concerning tie 
leminar fieme «ere in wmeny casee applienble to the ture 
lent {lame as Weile 

Tae aegteslissing of am ignition fone is necsesary 
{or stedble cowtustione This igaition gone mat ’ e 
fezion of lot velecity aud divorsed ae wich ae possibie 
from quenching and eveling efieete. The melatenancs of 
@ stable ignitiva come Giil be eided by a Dava~flow of 
usterned a RbUYE Rich fneses througs the Fieme front 
Wituout reactinge 

The results ehao@m in tables iv ano ¥ indieate that 
am increase ia seh muwber if esctuinsd serues the flewe 
Sone. The apvarstue uget in the experimente mast be ree 
designed, however, if sore gatlefawetory reeulss ara 
bigher Each puwclere are to be ubbAinece Giek higher 
pre-beut teaperoturee must vc used, awl these tem -era-- 
tures obtained is: Foch | way Lhat sufficient air is 
eveilable in the ocunstant-aiea vurner for completes cote 
buetione 
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ROCLORERSDAT hoe FON FURTem “fly 


if the flee eonaGitions #1 6hi: @ Mirvaient fiame 
ana the oconii$Sione require: By tte figsme of the apyproe 
BRL in, fine cuule fe omaiyzed, utnek desisgs eguid Sa 
#igoilfied. 
| Sx gerimentai @ork etould Ge Geile Uin B iePy_er vare 
| ner then thse gne weed for thia ofoject. inctrumentetion 
) @egt se more wensitive, ami inciiibies uesigue® for tee 
Ring necutate taeeperature wai preguiks s@asureeemts ab 
aay polat in tee tube. 

The atucy of tue Lner@aes 16 “RG iteoeY geFoes B 
flame front in a conctantearea, cuannel uepende to 2 
dargs extent on prewlesiing tie @1fe fre-heatia, to 
‘Www f. ehoult dowwle the ourning velocity frow the 
Poem temperature figure. Sedu aetisod of pre-Dastlag 
@ast be deviwed ahiet dome wot Lieit the Quentity of 
P @if YH the constent—ores Warne®. (casibiy auee wort 
(Of fmol exciouner Cea te Sevhed Gude 
Newilte ef wrk af tiie mivre ewult weli va ape 
id te the Gegign of fines elders. waew the flow 
iteeente of a flew are Gideretocd, Ghemwh ahape 

ebstteetion cuarectarietice cua ve dewigam: by 
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PASO AN Ghiaa Lar loag 


Temperature tcorvey — liverten | isa 
Fregesurte Survey - ittest Finse 
Preysure Garvey ~ (22th lavert@i + same 
buraing ia GonstantesAres ouraer 

(Maoh nmawoer teste - pre-heated) 
Betning in ConstanteArea ihitnet 

(aech number testa - ay pre-hest} 
Rerning in Constent-Area rfarnex 

(Wixiag and furner twas larta) 
Galeuleations of teineity frow luluec tle 

(invertiet flame tests) 
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Teurpenafure sr eny 
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